, an enzyme which catalyzes a reaction analogous to the transpeptidation. In this reaction water rather than the amino-group of a pentaglycine chain serves as acceptor for the acyl-D-alanyl residue. D-Alanine carboxypeptidase is also inhibited by penicillins which bind covalently to the enzyme (4, 5). This binding may be reversed by hydroxylamine or ethanethiol (6) or spontaneously (7, 8) . Native penicilloyl-carboxypeptidase is required for the release reactions, suggesting that these reactions are enzymatically catalyzed (8). The penicillin derivatives released in the presence of hydroxylamine or ethanethiol have been identified (6), whereas the spontaneously released product was not identified (7, 8 Fig. 3 , mass detector recording) showed a single peak with an equivalent chain length of C-14.4 (SE-30 column). The mass spectrum (Fig. 5, Product. B. stearothermophilus, strain ATCC 15952, was grown as previously described (4). Membranes were prepared by grinding the cells with glass beads and differential centrifugation (3). The membranes were resuspended in 0.05 M Tris-HCl buffer, pH 7.5, to a protein concentration of 20 mg/ml. Five hundred milliliters of this suspension and 1 ml cephalothin (1 mg/ml) were incubated at 370 for 10 min. After this, 1 ml of [8-14C]penicillin G (1.5 mg = 4.2 ,gmol; specific activity: 3.8 mCi/mmol) was added and incubation was continued for another 10 min. The mixture was then centrifuged at 100,000 X g for 1 hr, the pellet was washed once with 0.05 M Tris, pH 7.5, resuspended in 200 ml of 0.01 M sodium cacodylate buffer, pH 6.5, and incubated at 550 for 50 min. After addition of 200 ml of water, the suspension was centrifuged at 100,000 X g for 1 hr. The pellet was discarded and the supernatant solution was Iyophilized. The residue thus obtained was dissolved in 0.02 N HCI and extracted twice with ethyl acetate. The combined extracts were concentrated to dryness in vacuo and the residue was stored at -20°(yield: 0.67 gCi-0. 18 ,imol). Part of the release product was treated with diazomethane and purified by preparative thin-layer chromatography (see below). Stability of Benzylpenicilloic Acid at pH 6.5 and 55°. Abbreviations: m.p., melting point; m/e, mass to charge ratio.
Penicillins kill bacteria by inhibiting the crosslinking of peptidoglycan strands in the biosynthesis of bacterial cell walls. It has been proposed that these antibiotics are structural analogs of the acyl-D-alanyl-D-alanine which is cleaved by a transpeptidase during the crosslinking and that penicillins inhibit the reaction by acylating the substrate site of this enzyme (1) . Multiple penicillin binding components have recently been isolated from several bacterial strains (reviewed in ref. 2) . The major binding component in Bacillus subtilis and B. stearothermophilus is D-alanine carboxypeptidase (3, 4) , an enzyme which catalyzes a reaction analogous to the transpeptidation. In this reaction water rather than the amino-group of a pentaglycine chain serves as acceptor for the acyl-D-alanyl residue. D-Alanine carboxypeptidase is also inhibited by penicillins which bind covalently to the enzyme (4, 5) . This binding may be reversed by hydroxylamine or ethanethiol (6) or spontaneously (7, 8) . Native penicilloyl-carboxypeptidase is required for the release reactions, suggesting that these reactions are enzymatically catalyzed (8) . The penicillin derivatives released in the presence of hydroxylamine or ethanethiol have been identified (6) , whereas the spontaneously released product was not identified (7, 8) . This report describes the identification of the spontaneously released [8-14C] penicillin G degradation product as phenylacetylglycine based on thin-layer and gasliquid chromatography, infrared spectroscopy, and mass spectrometry.
MATERIALS AND METHODS Chemicals. Penicillin G was generously supplied by E. R. Squibb & Sons and cephalothin from Eli Lilly. 6-Aminopenicillanic acid was obtained from Sigma Chemical Co. [8- 14C]Penicillin G, K+-salt, ( analyzed by thin-layer chromatography before and after methylation. This showed that there was no conversion of benzylpenicilloic acid to phenylacetylglycine under the conditions used in the isolation of the degradation product. Analytical Methods. Melting points were determined with a Thomas-Hoover capillary melting point apparatus and are uncorrected. Thin-layer chromatography was performed on precoated Silica Gel 60 F-254 plates (thickness 0.25 mm) from E. Merck. The two solvent systems used were: chloroform-acetone-hexane, 9:1:1 (v/v/v) for methyl ester derivatives and acetone-acetic acid, 19:1 (v/v) fQr carboxylic acids and their salts. Reference compounds were detected by exposure to iodine vapors; radioactivity was detected by autoradiography using blue-sensitive x-ray film (Kodak, SB54). For preparative thin-layer chromatography, the plates were developed twice with ethyl acetate before use. After chromatography, the appropriate zones were scraped off using a razor blade and the compounds were eluted from the silica gel with ethyl acetate. An F & M model 400 gas chromatograph with a stream splitter, a hydrogen flame ionization detector, and a Packard model 894 combustion oven/gas flow counter was used for gas-liquid radiochromatography and a Perkin-Elmer 990 gas chromatograph-Hitachi RMU 6L mass spectrometer operated on line with an IBM 1800 computer for data acquisition and processing (11) was used for gas-liquid chromatographymass spectrometry and direct inlet-mass spectrometry. The gas chromatograph or direct inlet effluents were continuously scanned (m/e 30 to m/e 460) at 4 sec intervals. Mass spectra and mass chromatograms were generated after each run by the computer (11) . Glass columns (inside diameter 3 mm, length 90 cm) containing 0.75% SE-30 t on 100/140 mesh Gas Chrom P were used in both types of gas chromatographs. The mass spectrometer was operated with an electron energy of 70 eV, a trap current of 80 MA and an accelerating voltage of 2.2 kV. Infrared spectra were recorded with a Perkin-Elmer model 567 instrument equipped with a beam condensor unit. A Beckman model LS 230 liquid scintillation spectrometer was used for radioactivity determinations. Protein was determined by the method of Lowry et al. (12) with 1% sodium dodecyl sulfate added to reagent A (cf. 4).
RESULTS
The radioactive product released from [8-'4C] benzylpenicilloyl-D-alanine carboxypeptidase had an RF value of 0.54 on silica gel thin-layer chromatography (Fig. 1, left) when acetone-acetic acid, 19:1 (v/v), was used as solvent system. The RF value was 0 when chloroform-acetone-hexane, 9:1:1 (v/v/v) was used instead. It changed to 0.34 after treatment of the degradation product with diazomethane, suggesting the presence of a carboxyl group. The penicillin G release product contained substantial amounts of contaminating lipids, which could be quantitatively removed by preparative thin-layer chromatography (70-80% recovery of radioactivity). After this step the methylated release product was pure as judged by thin-layer (Fig. 1, right) and gas-liquid chromatography (compare Fig. 3 below) . The RF value was identical to that of the methylated release product before purification.
To ascertain that our conditions for gas-liquid chromatography would permit analysis of penicillins and related comt SE-30 is a methyl silicone stationary phase for gas-liquid chromatography. pounds, methyl ester derivatives of benzylpenicillin, benzylpenicilloic acid, S-methyl benzylpenicillenic acid, N-methyl and N,N-dimethyl 6-aminopenicillanic acid were analyzed by gas-liquid chromatography-mass spectrometry using a 90 cm 0.75% SE-30 column at temperatures between 130 and 200°. These compounds were all eluted intact from the gas chromatograph as shown by mass spectrometry. A gasliquid radiochromatogram of the methyl ester of the [8- 14C]penicillin G, used to prepare the release product, is shown in Fig. 2 . The mass spectrum of the eluted material was identical to that obtained by direct probe analysis (13) . An infrared spectrum of 66 nmol of the methylated degradation product pressed into a micro KBr disk (Fig. 4 in the N-H stretch region, a band at 1753 cm-l in the ester carbonyl region, another band at 1641 cm-l, and a band at 1562 cm-1, (amide I and II regions, respectively), aromatic C C absorption at 1498 cm-l, and C-O ester absorption at 1212 cm-'. There was no absorption in the f3-lactam carbonyl region (about 1780 cm-'). The infrared spectrum thus suggested that the compound was a secondary amide with an ester group and an aromatic ring. No evidence for the presence of other functional groups was obtained from the infrared spectrum.
Mass spectra of the methylated degradation product obtained by gas-liquid chromatography-mass spectrometry and by direct inlet mass spectrometry were very similar, indicating that the methylated release product was eluted intact from the gas chromatograph. There were no ions at m/e 174, 142, 128, or 114 (Fig. 5, upper panel) . These ions are abundant in the mass spectra of the methyl ester derivatives of penicillin G, benzylpenicilloic acid, benzylpenilloic acid, and N-rmethyl-6-aminopenicillanic acid f, and have been at-+ S. hammarstrom and J. L. Strominger, unpublished results. tributed by high resolution mass spectrometry of penicillin G methyl ester to fragment ions originating in the thiazolidine ring (13) . Their absence in the mass spectrum of the release product indicated that the thiazolidine ring had probably been eliminated, which would be compatible with the retention behavior of this compound during gas-liquid chro- Possible mechanisms for the formation of phenylacetyiglycine (5) from benzylpenicilloyl-D-alanine carboxypeptidase (1) .
Phenylacetylglycine and its methyl ester were synthesized for direct comparison with the degradation product. The radioactive penicillin degradation product cochromatographed with synthetic phenylacetylglycine on thin-layer chromatography as the free acid and as the methyl ester ( Fig. 1 ) and on gas-liquid chromatography as the methyl ester (Fig. 3) . The infrared spectrum of the methyl ester (Fig. 4, broken curve) was similar to that of the methylated degradation product and the differences could be attributed to nonvolatile impurities eluted from the silica gel during thin-layer chromatography. Furthermore, the mass spectrum of the synthetic methyl ester (Fig. 5, lower panel) (14) and B. stearothermophilus (4) are membrane-bound enzymes which have been purified to homogeneity using conventional techniques or covalent affinity chromatography. Penicillin G inhibits both enzymes by covalent interaction (5, 4 (8) . Similar results have been obtained using purified D-alanine carboxypeptidase (8) .
The identification of this release product as phenylacetylglycine shows that the spontaneous reactivation of penicilloyl-carboxypeptidase is not a hydrolytic removal of the penicilloyl group from the enzyme. The latter reaction would give benzylpenicilloic acid, a compound which was stable under the conditions used for the release reaction and the isolation of release product. Thus, unlike a D-alanine carboxypeptidase from Escherichia coli (15) (Fig. 6, 3 and the methyl ester of 4, respectively). 3 is unstable and undergoes rapid hydrolysis to 5, phenylacetylglycine, in aqueous solutions (18) . The degradation of penicillin G to phenylacetylglycine by D-alanine carboxypeptidase may follow a similar mechanism. Two possibilities are outlined in Fig. 6 . In pathway I, the formation of 2 from benzylpenicilloyl carboxypeptidase, 1, is analogous to the formation of 2 from penicillin G (17 An alternative degradation was also considered, namely the formation of benzylpenamaldic acid by ring opening between the sulfur and C-5 followed by scission of this Schiff base to benzylpenaldic acid (a-formylphenylacetyl glycine) and D-penicillamine (17) . Benzylpenaldic acid as well as its reduction and oxidation products, N-phenylacetylserine and phenylacetylaminomalonic acid, were synthesized and distinguished from the degradation product. All three compounds were stable under the conditions used for examination of phenylacetylglycine (gas chromatography and mass spectrometry), thus excluding the possibility that phenylacetylglycine was formed from one of these compounds during the analyses.
The unusual degradation of penicillin G described here may provide information regarding the mechanism of ac- (GB-79747 
